The microstructures and hardness property of dual two-phase intermetallic alloys that are composed of various kind of volume fractions of geometrically closed packed (GCP) Ni 3 Al(L1 2 ) and Ni 3 V(D0 22 ) phases was studied. Higher volume fraction of primary Ni 3 Al precipitates was observed in the Ti and Nb added alloys when keeping Al content the same. Also, the microstructures in the eutectoid (channel) region consisting of Ni 3 Al+Ni 3 V were sensitive to alloying addition. The hardness of dual two-phase intermetallic alloys was basically explained by mixture rule in hardness between primary Ni 3 Al precipitates and eutectoid region. Nb and Ti addition raised hardness of dual two-phase intermetallic alloys by solid solution hardening in the constituent phases. This hardening was more significant in Nb addition than in Ti addition. In addition to hardness owing to the mixture rule, additional hardening arising from interfacial area between primary Ni 3 Al precipitates and eutectoid region was found. With increasing Ni 3 Al/channel (eutectoid) interfacial area, the additional hardening increased. As temperature increases, the additional hardening monotonously decreased for the base and Nb added alloys but little decreased for the Ti added alloys.
Introduction
Ni 3 X intermetallics with geometrically closed packed (GCP) structure [1] [2] [3] possess very attractive properties as high temperature structural materials, for example, strength anomaly, 4) high phase stability at high temperature and low density. Among these Ni 3 X intermetallics, boron-doped Ni 3 Al (L1 2 ) displays better ductility than other intermetallics owing to sufficient number of slip systems activated in the grains and enhanced grain boundary cohesion. 5) Expecting superior mechanical property to mono-phase Ni 3 X intermetallics, multi-phase intermetallic alloys composed of Ni 3 X intermetallics have been studied. [6] [7] [8] [9] [10] [11] [12] [13] [14] Among so far studied multi-phase intermetallic alloys, dual two-phase intermetallic alloys composed of Ni 3 Al and Ni 3 V (D0 22 ) have been reported to display good mechanical and chemical properties, and therefore are promising as a next generation type of high temperature structural materials. [8] [9] [10] [11] [12] [13] [14] The dual-two phase intermetallic alloys are composed of ''upper two-phase microstructure'' with a micron scale and ''lower two-phase microstructure'' with a sub micron scale. According to the observed phase diagrams, 7, 12) the ''upper two-phase microstructure'' composed of primary Ni 3 Al precipitates and Ni solid solution (A1 phase) is formed at high temperature via A1 mono-phase microstructure after solidification. Then, prior A1 phase is decomposed into Ni 3 Al+Ni 3 V (so called ''lower two-phase microstructure'') at low temperature by an eutectoid reaction, eventually resulting in dual two-phase microstructure. 7, 12) Such dual two-phase microstructures were shown to exhibit good crystallographic coherency among the constituent phases not only at a micron scale but also at a sub micron scale, and therefore high phase and microstructure stability. Furthermore, preferable high-temperature tensile and creep strength exceeding many conventional super alloys 15) were observed in the dual two-phase intermetallic alloys containing Nb or Ti. 8, 10, 12) To furthermore improve mechanical property of the dual two-phase intermetallic alloys, several compositional and microstructural factors should be taken into consideration. In the previous study, some correlations between microstructural factor and mechanical property were evaluated in the dual two phase intermetallic alloys based on Ni 3 Al-Ni 3 V pseudo binary system containing 2.5 at% Nb. 14) The volume fraction of primary Ni 3 Al precipitates was found to be the prime microstructural parameter controlling hardness of the dual two-phase intermetallic alloys. As the volume fraction of primary Ni 3 Al precipitates increases the hardness decreases, regardless of test temperature. Also, the interfacial area between primary Ni 3 Al precipitates and channel (eutectoid) region was found to be the sub microstructural parameter controlling the hardness of the dual two-phase intermetallic alloys. 14) Furthermore, the effect of the lower two-phase microstructure on the high-temperature tensile properties was evaluated, and shown to be less sensitive to aging time up to 1000 h at temperatures below the eutectoid temperature. 13) In the present study, high temperature Vickers hardness of the dual two-phase intermetallic alloys composed of Ni 3 Al and Ni 3 V phases was evaluated in terms of the hardening due to two constituents (i.e., owing to mixture rule) and the interfacial hardening due to interfaces between primary Ni 3 Al precipitates and channel region. Also, it was investigated how Nb and Ti addition to the dual two-phase intermetallic alloys affects two hardening mechanisms as a function of temperature.
Experimental
Base alloy compositions used in this study are expressed by Ni 75 Al X V 25ÀX (at%) and shown in Table 1 . Contents of Al (or V) were largely changed from 6 at% to 15 at% to prepare widely different upper two-phase microstructures in which the volume fraction of primary Ni 3 Al precipitates varies from 0% to 100% according to the reported phase diagrams. 7, 12, 16) In addition, two groups of alloy compositions, i.e., Nb added alloys (Ni 75 Al X Nb 2:5 V 22:5ÀX ) and Ti added alloys (Ni 75 Al X Ti 2:5 V 22:5ÀX ) (Table 1) were prepared. Hereafter, the alloys will be referred to as 6Al, 5Al+Nb and 4Al+Ti as listed in Table 1 . Nb and Ti were substituted for the V sites in the base alloy compositions. Each alloy was doped with 100 mass ppm boron (B). The base, Nb added and Ti added alloy compositions prepared in this study are also plotted on the pseudo-binary phase diagrams of Ni 3 V-Ni 3 Al, 16) Ni 3 VNi 3 Al at 2.5 at% Nb content 12) and Ni 3 V-Ni 3 Al at 2.5 at%Ti content 7) (Fig. 1 ). Alloys used in this study were prepared from starting raw materials of 99.9 mass% Ni, 99.99 mass% Al, 99.9 mass% Nb, 99.9 mass% Ti, 99.9 mass% V and 99.9 mass% B. The alloy buttons with a diameter of 50 mm were prepared by arc melting in argon gas atmosphere using tungsten electrode and copper hearth. Each specimen for microstructural observation and for hardness test was cut from arc melted buttons using an electro-discharge machine (EDM). The cut specimens were solution treated in a dynamic vacuum at 1573 K for 5 h, annealed at 1348 K for 1 h (resulting in upper two-phase microstructure), and then simply cooled in furnace to room temperature (resulting in lower two-phase microstructure even without an intended aging treatment 12, 13) ). Microstructural observation of the dual two-phase intermetallic alloys was carried out by a scanning electron microscope (SEM) and a transmission electron microscope (TEM). The heat-treated specimens were mechanically abraded on SiC paper and then electronically polished in a 12) and (c) Ni 3 V-Ni 3 Al containing 2.5 at% Ti 7) on which alloy compositions used in this study are plotted by dotted vertical lines. mixed solution of 15 ml H 2 SO 4 + 85 ml CH 3 OH at 243 K. TEM foils cut from the heat treated specimens were mechanically thinned to about 0.1 mm and finally jet polished in a mixed solution of 15 ml H 2 SO 4 + 85 ml CH 3 OH at 253 K. TEM observation was carried out using a JEM-2000FX operating at 200 kV. As one of the microstructural characterization, the volume fraction of primary Ni 3 Al precipitates (inversely, that of the eutectoid region) was measured enhancing color contrast of images between the primary Ni 3 Al precipitates and the channel region, with a help of computer simulation. Also, the interfacial area, S interf. between the primary Ni 3 Al precipitates and the channel region was calculated, based on the expression, S interf. ¼ 4 Â d Â N, where d is the side length of primary Ni 3 Al precipitates and N is the number density of primary Ni 3 Al precipitates. The size and number density of primary Ni 3 Al precipitates were measured by a graphical method. These data were taken from several grains in which cube planes of primary Ni 3 Al precipitates are sectioned in parallel to exposed plane (i.e., free surface), and then averaged in each alloy composition and heat treatment condition.
For Vickers hardness test, cylindrical specimens with a dimension of 100 Â 5 mm were cut from the arc melted button by EDM. In temperature range between room temperature and 1173 K, the Vickers hardness test was conducted in atmosphere of argon gas 90% + H 2 10% in conditions of a holding time of 20 s and a load of 1 kg. Hardness data points more than ten were collected and averaged in each experimental condition.
Results

Microstructure
The alloy buttons prepared in this study exhibited large columnar grains with a grain size of several hundred mm which elongated along solidification direction. In the alloys at low Al content (the alloys 6Al, 5Al+Nb and 4Al+Ti), featureless microstructures were observed regardless of alloying addition. The featureless microstructures are wholly composed of the eutectoid region consisting of Ni 3 Al and Ni 3 V phases. In the alloys at higher Al contents, the upper two-phase microstructures are certainly composed of the primary Ni 3 Al precipitates and the channel (eutectoid) region, as shown in Fig. 2 . In the alloys in Al content range below 11 at%, isolated cuboidal primary Ni 3 Al precipitates were observed regardless of Nb or Ti addition, while in the alloys at 12.5 Al content, the primary Ni 3 Al precipitates coalesced each other regardless of Nb or Ti addition. In the alloys at 15 at% Al content, the microstructures were commonly prevailed by single phase Ni 3 Al. These results were basically consistent with the reported Ni 3 Al-Ni 3 V pseudo-binary phase diagrams (Fig. 1) .
7,12,16) However, if 5µm 5µm 5µm 5µm 5µm 5µm 5µm 5µm 5µm comparing the microstructures at the same Al content, the volume fraction of the primary Ni 3 Al precipitates was apparently different among the three groups of alloys, that is, higher in the Nb and Ti added alloys than in the base alloys. This result will be again described later.
To investigate the lower two-phase microstructures, TEM analysis was performed on the alloys, 8.5Al, 8.5Al+Nb and 8.5Al+Ti (Fig. 3) . Irrespective of the Nb and Ti addition, selected area diffraction patterns (SADP) taken from the channel area show coexistence of superlattice reflections due to L1 2 structure of Ni 3 Al and D0 22 variant structures of Ni 3 V. In the alloys, 8.5Al and 8.5Al+Ti, well grown-up lamellarlike microstructures were observed. On the other hand, the alloy 8.5Al+Nb exhibited very fine microstructure, suggesting that phase separation to Ni 3 Al and Ni 3 V is not well developed. Figure 4 shows the relation between Al content and volume fraction of primary Ni 3 Al precipitates. The volume fraction of the primary Ni 3 Al precipitates increases steadily with increasing Al content. The volume fraction of the primary Ni 3 Al precipitates also depended on alloying elements, especially in low Al content region. The Ti and Nb addition raised the volume fraction of the primary Ni 3 Al precipitates at the same Al content. Figure 5 shows the correlation between Al content and Ni 3 Al/channel interfacial area, S interf. . It is noted that the base, Nb added and Ti added alloys draw the peak of S interf. at 8.5 at% Al, 9.5 at% Al and 7.5 at% Al, respectively.
Hardness property
Vickers hardness data obtained at room temperature are plotted in Fig. 6 as a function of the volume fraction of the primary Ni 3 Al precipitates. Almost same curves were drawn in the base, Nb added, and Ti added alloys although their levels were different. The highest hardness values were observed at 0 vol% of the primary Ni 3 Al precipitates for three groups of alloys, in other words, in the alloys which the whole microstructure is dominated by the eutectoid region. The highest value remained up to about 50 vol% of the primary Ni 3 Al precipitates, and then the hardness decreased with increasing volume fraction of the primary Ni 3 Al precipitates. The lowest hardness values were eventually observed at 100 vol% of Ni 3 Al phase. The addition of Nb and Ti raised the hardness of the alloys in a whole range of volume fraction of the primary Ni 3 Al precipitates although the hardness enhancement by the Nb addition was more significant than that by the Ti addition.
The curves of hardness vs. volume fraction of the primary Ni 3 Al precipitates for the base, Nb added, and Ti added alloys were measured at various temperatures and shown in Fig. 7 . In all of three groups of alloys, the curves behaved in similar way for the temperature dependency: the hardness levels little decreased up to 873 K with increasing temperature but apparently decreased at temperatures beyond 873 K. Here, it is noted that the hardness decease at temperatures beyond 873 K was especially apparent in the Ti added alloys 
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with a small volume fraction of the primary Ni 3 Al precipitates. However, it is very surprising that the hardness reduction from room temperature to the highest temperature tested (1173 K) was mostly less than $15% for all of three groups of alloys. Regarding the curves of hardness vs. volume fraction of the primary Ni 3 Al precipitates, it should be emphasized that the hardness of the Ti added alloys showed broad peaks at around 20$40% volume fraction of the primary Ni 3 Al precipitates when those alloys were measured at high temperatures beyond 773 K (Fig. 7(c) ) while the hardness of the base and Nb added alloys showed mild peaks in low volume fraction range and then monotonously decreased up to 100% volume fraction (Figs. 7(a) and 7(b)). The hardness of the dual two-phase intermetallic alloys composed of primary Ni 3 Al precipitates and the eutectoid (channel) region can be explained by the mixture rule of the volume fraction of each constituent, i.e., H ¼ H a V a þ H b V b where H is hardness, V is volume fraction of each constituent, and subscripts a and b mean two constituents, respectively. In Fig. 8 , the line according to the mixture rule for the room temperature hardness observed in the Nb added alloys is as example drawn. The discrepancy between experimental data and mixture rule, i.e., extra hardening ÁH v was recognized in each alloy and at each temperature. Figure 9 shows extra hardening ÁH v as a function of Al content for the base, Nb added, and Ti added alloys which were measured at room temperature to 1173 K. The base, Nb added, and Ti added alloys exhibited a peak of extra hardening at 8.5, 9.5 and 7.5 at% Al contents, respectively. The Al contents showing the peaks appear to be less sensitive to temperature regardless of alloys. Since these ÁH v vs. Al content curves are very similar to the curves of the L1 2 / channel interfacial area S interf. vs. Al content, both parameters ÁH v and S interf. was correlated and shown in Fig. 10 . Consequently, well defined linear correlations between two parameters were recognized for three groups of the alloys and also at all test temperatures. With increasing S interf. , the extra hardening ÁH v linearly increased. Therefore, it is demonstrated that the extra hardening arises from the interface between the primary L1 2 precipitates and the channel region, and consequently may be called as interfacial hardening. Here, the powers of the interfacial hardening can be evaluated from the slopes in the linear ÁH v -S interf. relation, and are shown in Fig. 11 . Interestingly, the slopes at room temperature were not so much different among the base, Nb added, and Ti added alloys. However, as test temperature increases the slopes for the base and Nb added alloys decreased while those for the Ti added alloys little decreased. Thus, it is demonstrated that the interfacial hardening in the Ti added alloys is larger than those in the base and Nb added alloys, and does not decrease with increasing temperature. In all of three groups of the alloys, the interfacial hardening tended to again increase at temperature beyond 1000 K with further increasing temperature. Probably, this result suggests that interfacial hardening mechanism different from that in lower temperature region was operated in higher temperature region. 
Discussion
The effect of Nb and Ti addition on microstructure
As shown in the section of result, the dual two-phase microstructures were affected by the Nb and Ti addition. The addition of Ti resulted in higher volume fraction of the primary Ni 3 Al precipitates than that of Nb addition as shown in Fig. 4 . The recent study in the alloying effect on Ni-Al-V ternary phase diagram revealed that Ti addition stabilizes Ni 3 Al (L1 2 ) phase more than Ni 3 V (D0 22 ) phase occupying the Al sites in Ni 3 Al, and extends the L1 2 phase field toward low Al content region, 17) thus consistent with the present result. On the other hand, it was shown that the addition of Nb equally stabilizes Ni 3 Al (L1 2 ) and Ni 3 V (D0 22 ) phases occupying the Al site and the V sites, respectively, 18) and therefore, does not so much change of the volume fraction of both phases.
TEM observation showed that the lower two-phase microstructure of the dual two-phase intermetallic alloys was also affected by the Nb and Ti addition. The morphology of lamellar-like structures observed in the base and Ti added alloys resembled the reported lower two-phase microstructures coarsened by aging at 1273 K for 35 day while those observed in the Nb added alloys resembled the reported lower two-phase microstructure with no aging. 10) An interesting feature observed for the base, Nb added and Ti added alloys is that in the Nb added alloys, the lamellar-like microstructures (composed of L1 2 +D0 22 ) were ambiguous and finer than those in the base and Ti added alloys. Comparing the diffusivity of the alloying elements Nb, Ti and V in Ni 3 Al, the diffusion coefficients of Ti and V have been reported to be almost the same but that of Nb to be approximately smaller by an order of magnitude than those of Ti and V. 19) Therefore, it is easily understood from these diffusion data that the phase separation and the subsequent growth of the lamellar-like structures were decelerated in the Nb added alloys. To obtain reliable explanation responsible for the present feature, diffusion data in Ni 3 V (D0 22 ) phase and related microstructural evolution by aging are also required. The microstructures and their evolution in the eutectoid region of three groups of the alloys are currently undertaken by using TEM.
The effect of Nb and Ti addition on hardness
property In this study, the hardness of the dual two-phase intermetallic alloys was explained in terms of two factors: the first is the hardening depending on the volume fraction of the primary Ni 3 Al precipitates, i.e., the hardening governed by the mixture rule in the hardness of two constituent region. The second is the additional hardening (i.e. interfacial hardening) due to interfacial area between the primary Ni 3 Al precipitates and the channel region. Let me first discuss the first hardening, the hardness levels in the curves of hardness vs. volume fraction of the primary Ni 3 Al precipitates was ranked as Nb added alloys > Ti added alloys > base alloys in a wide range of test temperatures (Fig. 7) . In Ni 3 Al, solid solution hardening by several transition elements has been studied, and it has been found that the potency of the solid solution strengthening due to Nb atoms is much higher than that due to Ti atoms. 20) However, solid solution hardening behavior by transition metals in Ni 3 V has not been reported so far although Ni 3 V can be strengthened by refinement of variant structures in D0 22 phase. 21) These hardness levels may also be affected by the microstructure in another constituent, i.e., the channel region. The highest hardness level observed in the Nb-added alloys may be associated with ill-developed and fine lamellar structures. Therefore, to fully understand the hardening governed by the mixture rule is necessary to study the solid solution hardening behavior in Ni 3 V phase as well as Ni 3 Al phase, and also the microstructural feature in the channel (eutectoid) region. [22] [23] [24] Considerable importance of the = 0 interfacial dislocations in determining the mechanical properties of conven- tional superalloys has been pointed out. The morphologies and roles of these interfacial dislocations have been extensively studied by many researchers. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] For an example, it was reported that as the density (or spacing) of the intrinsic interfacial dislocations increases the creep strength increases. 34) In the dual two-phase intermetallic microstructures, there are several kinds of interfaces: primary Ni 3 Al precipitate/eutectoid region, which is sub divided to (1) primary Ni 3 Al precipitate/decomposed Ni 3 Al in eutectoid region and (2) primary Ni 3 Al precipitate/decomposed Ni 3 V in eutectoid region, and interfaces in eutectoid region, which are sub divided to (3) decomposed Ni 3 Al/decomposed Ni 3 V and (4) variant interfaces between Ni 3 V phases composed of the lamellar structures. Ni 3 Al with L1 2 structure has a lattice parameter of a ¼ 0:3572 nm. 36 ) Ni 3 V with D0 22 structure is a tetragonal structure and has a lattice parameter of a ¼ 0:3542 nm and c ¼ 0:7212 nm. 37) Consequently, lattice misfits are present between two different crystal structures (phases). These interface structures may be accommodated either by elastic strain or by the introduction of intrinsic interfacial dislocations. Such interfacial structures may result in the additional strengthening against moving dislocations. Ni 3 Al can be deformed by activating 1=2h110if111g slip system 4) while Ni 3 V can be deformed by activating h112if111g slip system in a wide temperature range. 21) Assuming that dislocations initiated in the primary L1 2 precipitates propagate into the eutectoid region, extrinsic interface dislocations will be left at interfaces, or intrinsic interfacial dislocations may block the propagating dislocations, by which additional strengthening can be expected. At present, which kind of interface (L1 2 /L1 2 or L1 2 /D0 22 ) or which kind of dislocation (intrinsic or extrinsic) plays important roles in the additional strengthening are not specified. Detailed discussion about this subject is impossible until initial and deformed microstructures of the dual twophase intermetallic alloys have been clarified, e.g., by using TEM.
Large discrepancy was observed in the temperature dependence of the interfacial hardening among three groups of the alloys, as shown in Fig. 11 . A striking result here is that the interfacial strengthening in the Ti added alloys is not declined, but rather tends to increase with increasing temperature, in contrast to those in the base and Nb added alloys. In conventional = 0 superalloys, it has been reported that = 0 interfacial strengthening observed in tensile test markedly depended upon = 0 lattice parameter misfit. 35) In the same study, it was also mentioned that = 0 lattice parameter misfit was affected by thermal expansion coefficient of each phase. 35) As one possibility, the observed difference in temperature dependence of the interfacial hardening may be attributed to different behavior in thermal expansion coefficient of each phase by the Nb and Ti addition, and consequently to different temperature dependence of lattice misfits in each phase by the Nb and Ti addition. Definitely, much more study for X-ray diffraction and TEM observation by which lattice parameter misfits and interfacial structures among several components (phases or variants) can be evaluated is needed to obtain a reliable explanation responsible for the present behavior.
Conclusions
The influence of the Nb and Ti addition on microstructure and high-temperature hardness property of the dual twophase intermetallic alloys that are composed of various kinds of volume fractions of geometrically closed packed (GCP) Ni 3 Al (L1 2 ) and Ni 3 V (D0 22 ) phases was studied. The following results were obtained from the present study.
(1) The volume fractions of the primary Ni 3 Al precipitates at the same Al content were raised by the Ti and Nb addition. Higher volume fraction of the primary Ni 3 Al precipitates was observed in the Ti added alloys. Also, the microstructures in the eutectoid region consisting of Ni 3 Al+Ni 3 V were composed of well-developed lamellar structures for the base and Ti added alloys but illdeveloped lamellar structures for the Nb added alloys. (2) The hardness of the dual two-phase intermetallic alloys basically depended on mixture rule in hardness between soft phase of the primary Ni 3 Al precipitates and hard phase of the eutectoid region. (3) In addition to the hardness owing to the mixture rule, the additional hardening which arises from interfacial area between the primary Ni 3 Al precipitates and the eutectoid region was found. With increasing interfacial area, the additional hardening increased. (4) It was suggested that the Nb and Ti addition raised the hardness of the dual two-phase intermetallic alloys by the solid solution hardening in the constituent phases, and this hardening was more significant in Nb addition than in Ti addition. (5) As temperature increases, the additional interfacial hardening monotonously decreased for the base and Nb added alloys but little decreased for the Ti added alloys.
